the basement membrane of the inner enamel epithelium plays crucial roles both as a substrate and as a reservoir of signaling molecules (Berkovitz et al. 2009 ). However, there is neither inner enamel epithelium nor basement membrane along the pulp-dentin border during the reparative dentinogenesis, suggesting that alternative substances or cells are indispensable for inducing the odontoblast differentiation.
Tooth replantation, defined as a therapeutic method in which the dislodged or dislocated tooth is replaced in its original alveolar socket, is now used to treat the complete luxation of teeth whether intentional or accidental. Tooth transplantation is also a common procedure in dentistry for replacing a missing tooth in patients in which implants and other prosthetic replacements are contraindicated for various reasons. These procedures interrupt the nerve and vascular supply to the dental pulp and induce subsequent degeneration of the pulpal cells. In successful cases, the pulpal healing, including reinnervation and revascularization, has been shown to occur in humans (Andreasen et al. 1995) and experimental animal studies (Byers et al. 1992; Hasegawa et al. 2007; Kvinnsland et al. 1991; Nakakura-Ohshima et al. 2003; Ohshima et al. 2001; Rungvechvuttivittaya et al. 1998; Shimizu et al. 2000; Tsukamoto-Tanaka et al. 2006; Unno et al. 2009 ). Tooth replantation/transplantation induces at least two types of healing patterns in the replanted teeth: dentin and bone tissue formation in the repaired dental pulp (Byers et al. 1992; Hasegawa et al. 2007; Kvinnsland et al. 1991; Ohshima et al. 2001; Rungvechvuttivittaya et al. 1998; Shimizu et al. 2000; Tsukamoto-Tanaka et al. 2006; Unno et al. 2009 ). Our recent studies have demonstrated that the types of cells appearing along the pulp-dentin border play crucial roles in determining the healing patterns in the replanted teeth: once osteoclast lineage cells appear at the pulp-dentin border, bone matrix deposition can be induced (Hasegawa et al. 2007; Tsukamoto-Tanaka et al. 2006; Unno et al. 2009 ), whereas the temporal appearance of dendritic cells there induces dentin formation (Nakakura- Ohshima et al. 2003; Shimizu et al. 2000) . Thus, the temporal appearance of dendritic cells at the pulp-dentin border is suggestive of a decisive phenomenon to induce the odontoblast differentiation during the pulpal healing process following tooth injuries (Nakakura- Ohshima et al. 2003) .
The presence of scaffolds, including the dentin matrix, is indispensable for the differentiation of odontoblasts in the transplanted tooth (Ogawa et al. 2006) . Furthermore, our recent study using the allogenic tooth crown transplantation into the sublingual region has demonstrated that an osteopontin (OPN) is deposited in the boundary between the pre-and postoperative dentin in the transplanted tooth (Takamori et al. 2008 ). The OPN is initially regarded as an RGD-containing adhesive bone matrix protein, and it is a soluble protein capable of stimulating signal transduction pathways (via integrins and CD44 variants) similar to those stimulated by components of the extracellular matrix (Wang and Denhardt 2008) . Taking these findings together, an OPN is a possible candidate substance for providing scaffolds to recruit the odontoblast lineage cells in cooperation with the preexisting dentin matrix.
The common myeloid precursors commit to either the osteoclast lineage or the mononucleated phagocyte lineage, which further differentiate into dendritic cells or macrophages, depending on the stimuli received from the external environment. The dendritic cells differentiate from myeloid precursor cells in the presence of granulocyte macrophage colonystimulating factor (GM-CSF) and interleukin (IL)-4, whereas macrophages are derived from the same myeloid precursor cells in the presence of macrophage colony-stimulating factor (M-CSF; Matsuo and Ray 2004) . Therefore, the microenvironment including the secretion of GM-CSF to induce the differentiation and maturation of dendritic cells after tooth injury may result in the differentiation of odontoblasts in cooperation with the deposition of OPN on the preexisting dentin matrix. However, there are no available data on whether the expression of GM-CSF occurs in the replanted/transplanted dental pulp and what type of cells produce and secrete GM-CSF and OPN if it does. This study aimed to clarify the expression of GM-CSF and OPN in the process of reparative dentin formation following allogenic tooth transplantation using in situ hybridization for OPN and immunohistochemistry for GM-CSF and OPN at both levels of light and electron microscopes. Furthermore, we performed double immunohistochemistry using anti-OPN and class II major histocompatibility complex (MHC) antibodies to determine the concern of immunocompetent cells such as dendritic cells and macrophages with the expression of OPN.
Materials and Methods

Allogenic Tooth Crown Transplantation into the Sublingual Region
All experiments were reviewed by the Committee on the Guidelines for Animal Experimentation of Niigata University and performed according to the recommendations or under the conditions proposed by the Review Committee. Crlj:CD1 (ICR) mice, 3 weeks old, were used in this study. The upper-right first molar was extracted with a pair of dental forceps with modification under anesthesia by an intraperitoneal injection of chloral hydrate (the maximum dose of 350 mg/kg), and the roots and pulp floor were resected with a surgical knife. The coronal portion of the resected samples without the periodontal tissue was immediately transplanted into the sublingual region after cutting the ventral side of the tongue of the littermates, and the section was sutured with a nylon suture.
Histological Procedure
Materials were collected in groups of 5 to 10 animals at intervals of 1, 3, 5, 7, and 14 days after allogenic tooth crown transplantation (n=45). At each stage, the animals were perfused with physiological saline transcardially followed by 4% paraformaldehyde in a 0.1 M phosphate buffer (pH 7.4) under deep anesthesia by an intraperitoneal injection of chloral hydrate (350 mg/kg). The tongues, including the transplanted teeth, were removed en bloc and immersed in the same fixative for an additional 6 hr. Following decalcification in a 10% EDTA-2Na solution for 2 weeks at 4C, the specimens were embedded in paraffin, and sagittal sections of transplants with surrounding lingual tissues were cut at 4 µm. The paraffin sections were mounted on Matsunami adhesive silane (MAS)coated glass (Matsunami Glass Ind., Osaka, Japan) slides and stained with hematoxylin and eosin (H&E).
Immunohistochemical Analysis
For the immunoperoxidase procedure, the sections were processed for the avidin-biotin peroxidase complex (ABC) method using a rabbit anti-OPN polyclonal antibody diluted to 1:5000 (Cosmo Bio Co., Tokyo, Japan), a goat anti-GM-CSF polyclonal antibody diluted to 1:500 (Santa Cruz Biotechnology, Santa Cruz, CA), and Nichirei Histofine Simple Stain Mouse MAX-PO (Nichirei Biosciences, Inc., Tokyo, Japan) using mouse antinestin monoclonal antibody diluted to 1:50 (Chemicon International, Temecula, CA). The sections were counterstained with 0.05% methylene blue. Immunohistochemical controls were performed by (1) replacing the primary antibodies with non-immune serum or PBS and (2) omitting the streptavidin-peroxidase or the MAX-PO solution. These immunostained sections contained no specific immunoreaction.
For immunohistochemistry with anti-GM-CSF and anti-OPN antibody at the electron-microscopic level, the immunostaining procedure was the same as described above, except for the inhibition of endogenous peroxidase. The immunostained sections were subsequently postfixed in 1% osmium tetroxide reduced with 1.5% potassium ferrocyanide, dehydrated in an ascending series of ethanol, and finally embedded in Epon 812 (Taab, Berkshire, UK). Ultrathin sections (70 nm thick) were double-stained with uranyl acetate and lead citrate and examined with an H-7100 transmission electron microscope (Hitachi High-Technologies Corp., Tokyo, Japan).
For double immunofluorescent staining for OPN and class II MHC, frozen sections were treated by three consecutive incubations with an antimurine class II MHC antibody (diluted 1:500; BMA Biomedicals, Augst, Switzerland), biotinylated anti-rat IgG (diluted 1:200), and Texas redconjugated streptavidin (diluted 1:250; Vector Laboratories, Inc., Burlingame, CA). After washing with PBS, they were then incubated with an anti-OPN antibody (diluted 1:20,000; Cosmo Bio Co.) and FITC-conjugated anti-rabbit IgG (diluted 1:150; Dako, Carpinteria, CA). The sections were examined with a confocal laser scanning microscope (FV300; Olympus, Tokyo, Japan).
In Situ Hybridization
Section in situ hybridization was conducted as previously described (Nakatomi et al. 2006 ). Digoxigenin-labeled probe for OPN (Nomura et al. 1993 ) was prepared according to the manufacturer's protocol. Following the fixation, the specimens were decalcified with Morse's solution (10% sodium citrate and 22.5% formic acid) for 24 hr (Shibata et al. 2000) , dehydrated through ethanol series and xylene, and embedded in paraffin. Then, 5-µm-thick paraffin sections were mounted on MAS-coated glass slides, deparaffinized, dehydrated, and predigested with proteinase K. The sections were then acetylated with 0.25% acetic anhydride in triethanolamine for 10 min and incubated overnight at 70C with hybridization buffer containing a digoxigeninlabeled probe for OPN. After hybridization, the slides were washed in a series of sodium citrate-sodium chloride solution and treated by two consecutive incubations with blocking reagent (Roche Diagnostics Corp., Indianapolis, IN) and antidigoxigenin antibody (Roche). The sections were stained with 4-nitro-blue tetrazolium/5-bromo-4-chloro-3indolyl phosphate (Roche).
Results
Histological Changes in Transplanted Teeth
The summarized pulpal changes in the transplanted teeth were as follows (see the previous report by Takamori et al. 2008) : All odontoblasts showed the degenerative features and inflammatory reactions, including numerous neutrophils, fibrin networks, and a hemorrhage that occurred in the pulp chamber on day 1; cell proliferation in the pulp chamber became most active on day 3; nestin-positive and OPN-negative newly differentiated odontoblast-like cells were arranged along the pulp-dentin border to deposit the dentin matrix in the pulp horn on days 5 to 7; and bone-like tissue occurred in the pulp chamber apart from the continuous deposition of the dentin matrix on day 14.
Immunoreaction for GM-CSF in Transplanted Teeth
In the control group, GM-CSF-positive reactions were not observed in either the dental pulp or the periodontal ligament (Supplemental Figure S1C ). On day 1, the pulp cavity was mainly occupied by inflammatory lesions, and some cells, which extended their cellular processes into the dentinal tubules, showed GM-CSF-positive reactions (Fig.  1A,B ). On day 3, GM-CSF-positive reactions were observed in the dentinal tubules deeply and in the cells that arranged along the pulp-dentin border (Fig. 1C,D) . On days 5 to 7, the expression of GM-CSF disappeared from the pulpdentin border and dentinal tubules except for the prolonged inflammatory lesions where GM-CSF-positive cells remained along the pulp-dentin border and extended their cellular processes into the dentinal tubules ( Fig. 1E,F) . Finally, GM-CSF-positive cells were located beneath the differentiated odontoblast-like cells during days 5 to 14 ( Fig. 1E-H) .
On day 3, the presence of immunocompetent cells such as macrophages and dendritic cells was confirmed judging from the ultrastructural features: These cells possessed peculiar cell organelles such as multivesicular bodies and tubulovesicular structures (Ohshima et al. 1994 ). Secretory granule-or lysosome-like structures in the Golgi area were positive for GM-CSF in the macrophages and dendritic cells ( Fig. 2A,C) . Some of these positive cells were arranged along the pulp-dentin border and extended their cellular processes into the dentinal tubules. Typical fibroblasts with a large nucleus and clear nucleoli were negative immunoreactions for GM-CSF (Fig. 2) .
Immunoreactions for OPN and Nestin and In Situ Hybridization for OPN in Transplanted Teeth
In the control group, OPN-positive reactions were observed in the osteoblasts, cementoblasts, and the matrix of cementum and bone. The dental pulp lacked OPN immunoreactivity except for the dentinal tubules at of granulocyte macrophage colony-stimulating factor (GM-CSF) immunoreactivity in the transplanted tooth at 3 days after operation. D, dentin; PC, pulp chamber; PD, predentin; TEM, transmission electron microscope. (A-D) Secretory granule-or lysosome-like structures in the Golgi area are positive for GM-CSF in the macrophages (Mφ) and dendritic cells (DC) (arrows in A and C). Some of these positive cells are arranged along the pulp-dentin border and extend their cellular processes into the dentinal tubules. These cells possess peculiar cell organelles such as multivesticular bodies and tubulovesicular structures, and macrophages contain phagosomes (arrowheads) in addition to these cell organelles (A, C). Bars: D = 50 µm; B = 25 µm; A, C = 5 µm. Numerous neutrophils are recognized through the pulp chamber (arrowheads), and OPN-positive reactions are densely distributed in the fibrin networks and the pulp-dentin border, including the dentin matrix. (C) OPN immunoreactions are localized in the pulp-dentin border and certain pulpal cells. (D) Higher magnification of the boxed area labeled by D in C. The mineralization front of the preexisting dentin represents continuous intense OPN-positive reactions (arrows), and the cells with an irregular shape appear along the pulp-dentin border and extend their cellular processes into the dentinal tubules (arrowheads). (E) The mineralization front of the preexisting dentin maintains intense OPN-positive reactions (arrow), and the irregular-shaped cells disappear from the pulp-dentin border. (F) The continuous OPN immunoreactions are observed at the boundary between the preexisting dentin and tertiary dentin (arrows). (G) Nestin-positive odontoblast-like cells are arranged along the pulp-dentin border (arrow). (H) The continuous OPN immunoreactions are recognized both at the boundary between the pre-and postoperative dentin (arrows) and around the bone matrix. Bars: A, C = 250 µm; H = 50 µm; B, D, E-G = 25 µm. the pulp horn showing intense reactivity (Supplemental Fig. S1A ). On the other hand, nestin-immunoreactivity was exclusively expressed in the coronal and root odontoblasts, and the other types of cells lacked positive reactions in the dental pulp (Supplemental Fig. S1D ). On day 1, OPN-positive reactions were recognized in the fibrin networks of the pulp cavity and the pulp-dentin border (Fig. 3A,B) . On day 3, the mineralization front of the preexisting dentin represented continuous OPN-positive reactions, and the cells with an irregular shape appeared along the pulp-dentin border and extended their cellular processes into the dentinal tubules (Fig. 3C,D) . We failed to detect OPN-immunopositive reactions in these cells being arranged along the pulp-dentin border because the process for preparing paraffin section may reduce the intensity of their reactions in the cytoplasm.
On day 5, the mineralization front of the preexisting dentin represented intense OPN-positive reactions, and the above cells disappeared from the pulp-dentin border (Fig. 3E) . On day 7, tubular dentin formation commenced next to the preexisting dentin where nestinpositive odontoblast-like cells were arranged (Fig. 3F,G) . On day 14, the continuous OPN immunoreactions were observed at the boundary between the pre-and postoperative dentin, and OPN-positive osteoblasts surrounded the bone matrix (Fig. 3H) .
In the semi-thin section, OPN-positive cells were arranged along the pulp-dentin border, and some of them extended their cellular processes into the dentinal tubules on day 3 (Fig. 4B,D) . At the ultrastructural level, these OPN-positive cells at the pulp-dentin border were categorized into immunocompetent cells such as macrophages and dendritic cells judging from their ultrastructural features described above (Fig. 4A,C) . The OPN-immunopositive reactions were reduced at the level of an electron microscope, whereas clear immunoreactions were observed in the light microscopic level (Fig. 4) .
The results of in situ hybridization analysis for OPN were as follows. In the control group, dental pulp totally lacked the expression of OPN mRNA, whereas the periphery of alveolar bone showed an intense OPN expression ( Supplemental Fig.  S1B ). On day 1, OPN mRNA-expressing cells were scattered throughout the pulp chamber (Fig. 5A ). On days 3 to 7, OPN mRNA-expressing cells were recognized at the pulp-dentin border (Fig. 5B,C,E) . In contrast, the newly differentiated nestin-positive odontoblast-like cells were arranged along the pulp-dentin border where OPN-expressing cells had existed on days 5 to 7 (Fig. 5D,F) .
Double immunofluorescent staining for OPN and class II MHC showed that class II MHC-positive cells with dendritic features appearing along the pulp-dentin border represented a positive reaction for OPN on day 3 ( Fig. 6A-C) , indicating that OPN-expressing cells were immunocompetent cells such as macrophages and dendritic cells. The anticlass II MHC antibody in this study recognized the premature molecules being produced in the cytoplasm in addition to the mature molecules in the cell membrane (Supplemental Fig. S2 ).
Discussion
Tooth replantation using mouse molars induces various healing patterns in the replanted teeth: dentin, bone tissue, mixed form of dentin and bone, fibrous tissue formation, and inflammatory reactions (Hasegawa et al. 2007 ). Thus, the experimental model for tooth replantation is not suitable for the investigation of mechanisms regulating the odontoblast differentiation because the reparative dentinogenesis is not always concomitant with pulpal healing. On the other hand, transplantation of the tooth crown into the sublingual region is a useful experimental model for analyzing the differentiation processes of both odontoblasts and osteoblasts because the deposition of dentin matrix consistently occurs beneath the preexisting dentin, and the bone tissue is induced apart from the dentin matrix (Ogawa et al. 2006; Figure 6 . Double immunofluorescent section with anti-osteopontin (OPN) (green) and class II major histocompatibility complex (MHC) (red) antibodies of the pulp-dentin border of the transplanted tooth at 3 days after operation. D, dentin; PC, pulp chamber. (A-C) Class II MHC-positive cells with dendritic features appearing along the pulp-dentin border represent a positive reaction for OPN. Bars = 10 µm. Takamori et al. 2008) . Moreover, the immunological rejection rarely occurs between the donor and host of littermates, despite allogenic tooth transplantation. The allogenic transplantation with ROSA reporter mice was available for determination of the derivation of differentiated cells in the previous work (Takamori et al. 2008) . Taking these findings together, this study adopts the experimental model for allogenic transplantation of the tooth crown into the sublingual region to achieve the current research objectives.
It is necessary to consider that a variety of signal molecules present in the extracellular milieu at sites of injury play crucial roles in regulating the sequence of events leading to reparative dentinogenesis in the injured pulp tissue. First, several signaling molecules such as TGFβ, BMPs, and fibroblast growth factors (FGFs) are found in the dentin matrix (Cassidy et al. 1997; Roberts-Clark and Smith 2000; Thomadakis et al. 1999) . Therefore, a variety of biological effects arising from the dentin matrix dissolution may exist in the pulpal healing process. Second, death of odontoblasts and other pulpal cells may release intracellular contents at the site of injury (Smith 2002) . Last, inflammatory cells such as dendritic cells, macrophages, and polymorphonuclear leukocytes recruited to the site of injury will produce cytokines and growth factors, which will modulate cellular events both directly and indirectly. Among the above events, we have focused on two events such as the temporal appearance of dendritic cells along the pulp-dentin border and the deposition of OPN in the calcified front in the absence of both epithelial components and basement membrane in the process of pulpal healing after tooth injury.
With respect to the maturation of dendritic cells, recent studies have demonstrated that GM-CSF primarily acts during inflammation and produces inflammatory dendritic cells (Conti and Gessani 2008; Schmid et al. 2010 ). This study has clearly shown chronological changes in the expressions of GM-CSF in the process of pulpal healing after tooth transplantation. The intensity of GM-CSF immunoreactions is correlated with the intensity of inflammatory reactions in the pulp cavity: Intense GM-CSF immunoreactions are observed during days 1 to 3, when numerous macrophages and dendritic cells appear in the pulp tissue. Interestingly, GM-CSF-positive dendritic cells extend their cellular processes into the dentinal tubules on day 1, the immunoreactions deep in the dentinal tubules continue until day 3, and subsequently their immunoreactions disappear except for their sparse distribution in the pulp cavity after day 5. However, GM-CSF-positive cells remain at the pulp-dentin border if the inflammatory reactions are retarded for an extended period of time (Fig. 1F) . The secretion of GM-CSF around the pulp-dentin border, including the dentinal tubules, may play a role in the differentiation, maturation, and function of dendritic cells in both autocrine and paracrine modes because GM-CSF is a direct player in the generation of functional dendritic cells (Conti and Gessani 2008) .
Figure 7.
A schematic diagram indicating the putative cell dynamics occurring in the pulp-dentin border in the pulpal healing process following tooth transplantation. CL, capillary lumen; D, dentin; DC, dendritic cells; OB, odontoblast-like cells; Mφ, macrophages; PD, predentin. Osteopontin (OPN) is deposited at the dentin-predentin interface because OPN may diffuse in the predentin and adhere to the mineralized matrix. The secretion of granulocyte macrophage colony-stimulating factor (GM-CSF) and OPN by immunocompetent cells such as macrophages and dendritic cells may play a role in the maturation of dendritic cells and the differentiation of odontoblasts, respectively.
Our recent studies have shown that OPN is deposited in the boundaries between the pre-and postoperative dentin in the transplanted tooth (Takamori et al. 2008 ) and between the necrotic matrix and reparative dentin following the direct capping of mineral trioxide aggregate (MTA) on the mechanically exposed dental pulp (Kuratate et al. 2008 ). Thus, OPN may play a triggering role in the initiation of the pulpal reparative process. So far, the cell types that produce and secrete OPN in the process of pulpal healing remain to be clarified. This study has clearly shown the chronological changes in the expression of OPN protein and mRNA, as well as the ultrastructural and cytological features of OPN-positive cells using both immunoelectron microscopy and double immunohistochemistry with anticlass II MHC and OPN antibodies: The immunocompetent cells such as macrophages and dendritic cells are responsible for the secretion of OPN during the pulpal healing process. The findings are supported by the evidence that OPN is secreted by many cell types, including T and B cells, dendritic cells, and macrophages (Rothstein and Guo 2009 ). In the immune system, OPN modulates immune responses at several levels: Its chemotactic property promotes cell recruitment to sites of inflammation and functions as an adhesion protein to facilitate cell attachment and wound healing. Furthermore, OPN mediates cell activation and cytokine production through interaction with the cellular signaling pathway, and it promotes cell survival by regulating specific programmed cell death pathways (Wang and Denhardt 2008) . Thus, it is reasonable to suppose that OPN may play crucial roles in regulating the sequence of events leading to reparative dentinogenesis in the injured pulp tissue (Fig. 7) , as a signaling molecule to activate the pulpal healing process and/or scaffold to recruit the odontoblast lineage cells in cooperation with the preexisting dentin matrix sequestering signaling molecules (Goldberg and Smith 2004; Smith and Lesot 2001; Tziafas et al. 2000) . This notion may lead to the hypothesis that treatment with OPN, or an antibody to OPN, may be clinically useful in certain specific situations such as the reparative process after tooth injuries. However, a variety of signal molecules present in the extracellular milieu at sites of injury remain to be clarified at present. Further studies are required to understand the roles of GM-CSF and OPN in orchestrating the pulpal healing process after tooth injuries, especially the functional significance of GM-CSF and OPN in the maturation of dendritic cells and the differentiation of odontoblasts, using the loss-of-function and gainof-function experiments in future.
